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It has been suggested that the number and position of 
epidermal ste1n cells are related to the units of co-
lumnar structure in the upper epidermal strata and 
that the cells of each unit are derived from a single 
stern cell. Studies of cell lineage in developing tissues 
have been facilitated by the use of retroviral trans-
duction to provide inherited expression of a histo-
chemically demonstrable foreign gene product. To 
provide direct evidence about the clonal nature of 
epidermal units, murine epidermal keratinocytes 
were transduced with a replication-deficient retrovi-
ral vector carrying the /3-galactosidase gene. Subepi-
dermal injection of virus in vivo led to infrequent 
transduction with only transient presence of /3-gal-
staining keratinocytes within the epidermis. Trans-
duction of keratinocytes in. vitJ'O and transplantation 
hack to itt tlivo sites permitted demonstration of the 
I t is now thought that most re newing cel.l populations consist of a hierarchy of (i) stem cells , (ii) cell s committed to differentiatio n but undergoing a finite number of ampli fying div ision s before eutering the post-mitotic state (transit amplifying cells), and (iii) post-mito tic difl:e rentiatin g cells 
(Lajtha, 1979; Potten , 1983; Hall and Watt, 1989) . A similar 
con cept of basal cell heterogeneity within the epidermis (Macken-
zie, 1970; Pa tten , 1981) has replaced earlie r concepts of equipo-
tentia.l basal cell s, which , afte r division , have similar probabilities of 
remaining in the basal region or of entering the differen tiation 
pathway (Leblond ef a/, 1964) . General properties expected for 
epithelial stem cells are tha t they fo rm a relatively smal.l fraction of 
the ce ll po pulatio n , divide relatively infi·equently, and have the 
capabili ty ofindefmite self-renewal w hile produ cing cell s that en ter 
the differentiation p athway (Potten , 1976, 1983). 
When cells emigrate from the basal layer of the epidermis, they 
fl atten to form polygonal (typically hexagonal) cells, each of which 
is precisely aligned beneath overlying cells to form a stack of cells 
or " columnar unit" (Mackenzie, 1969; Christophers, 1971; M ack-
enzie and Linder , 1973). Such units of structure have been most 
extensively studied in rodent epidermis, but they are also present in 
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transduced gene in clusters of cells within the re-
formed epidermis throughout a 12-wk period. The 
epidermis redeveloped an ordered columnar struc-
ture with restriction of transduced cells to individual 
columnar units. This clonal appearance is compatible 
with derivation of each epidermal unit from a single 
stern cell but is not compatible with a random pattern 
of cell proliferation. Transduced epidermal sheets 
that were recombined with oral mucosal connective 
tissue also redeveloped normal columnar structure 
with restriction of /3-gal staining to individual colum-
nar units. These data suggest that the establishment 
of an epidermal stern cell pattern related to units of 
structure is an intrinsic property of the epithelium 
and is not dependent on regionally-specific connec-
tive tissue influences. KeJ' JVOJ'ds: cell wltm'eltransplau-
tation/Lac-Z. J Invest Dem..atol 109:377-383, 1997 
human epidermis and in that of other primates, dogs, and birds 
(Ma ckenzie, 1969; Mackenzie ef a/, 1981) . ln rodents, the degree of 
cell Rattening is such that each unit of supra basal structure overlies 
10-12 of the sm alle r, unAattened basal cells, and detailed analysis of 
the position of mitotic figures (Mackenzie, 1970, 1975) and of cells 
pulse-labeled w ith tritiated thymidine (Potten, 1974) indicates tl1at 
cell division occurs m ore frequently ben eath the p eriphery of the 
units. The mitotically quiescent cells beneath tl1e central regio ns of 
the units were initialiy thought to be post-mito tic cells that were 
m oving in to line beneath the columns (Mackenzie, 1970), but the 
demonstration tha t cell emigration occurs fi·om beneath the periph-
eral regio n of the units (Christophers, 1972) excluded that possi-
bility. T he relative infrequency of cell division benead1 the central 
region of epidermal uni ts can be explained if the central region 
within each "epidermal proliferative unit" is occupied by a rela-
tively slowly cycling stem cell (Potten, 1974). 
T he pattern of loss of nuclear labeling fi·om epithelial basa.l cells 
provides suppo rt for tlus concept. When cells are labeled with 
tritiated thymidine during the "S" phase, label incorporated into 
the DNA is distributed to the dau ghter cells tl1at are produced upon 
division, and with further divisions the label becom es diluted below 
the level of detection w itl1 autoradiography. Slowly cycling stem 
cell s, however, would be exp ected to lose their incorporated label 
less rapidly than the faster cyclin g amplifying cells, and they would 
eventua.lly become detectable within the cell population as " label-
retaining cells." In mouse epidermis , such label-reta.in.ing cells have 
been shown to be keratinocytes that are capable of dividing 
(Bickenbach, 1981) and, in keeping with the above concept of a 
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proliferative unit, have been found to lie cen tra lly beneath the 
columnar units (Bickenbach and Macke n z ie, 1984; Mackenzie and 
Bickenbach , 1985; Morris el al , 1985). Label-retainin g cells are also 
found in mucosal e pithelia, where they are positioned at the tips of 
the epith elial rete and at the base of th e ton gue papillae (Mackenzie 
and Bickenbach , 1985), th e positions previously predicted b y other 
kinetic studies to be those occupied by stem cells (Hume, 1983). 
T h e "label retention" method thus appears to id entify and localize 
e pithelial stem cells and has since been used to localize stem cell 
populations to th e limbal region of th e cornea (Cotsarelis et al, 
1989) and to the bulge region of hair follicles (Cotsarelis et a/, 
1990). 
An outcome of th e stem and amplifying cell concept is that a 
single stem cell may be responsible for maintenance of a defined 
"unit of territory" within an epith elium and that all of the cells 
within such a unit would be derived from, and thus be th e clonal 
progeny of, that stem cell. Mosaicism suggestive of clon al units of 
epith elial structure has been demonstrated in some epith elia (Pon-
der et al, 1986; Seddon eta/, 1992), but experimental eviden ce that 
directly supports the concept of a single stem cell for each 
epidermal unit has been lacking. In principle, stable nondiluted 
marking of a particular cell lineage can b e achieved by incorporat-
ing fore ign DNA into the genome of a progenitor cell in su ch a way 
that the marker DNA is rep.licated at each division. 
Replication-defective retroviral vectors can transduce cells with 
various foreign genes, producing integration of proviral DNA into 
a h ost cell chromosome with heritable expression of the transduced 
DNA in the descendants of the transduced ce iJ (Cepko, 1989; 
Sanes, 1989; Flowers et al, 1990; Garlick .et al, 1991; Garlick and 
Taichman, 1993). Transduction with genes such as the Escherichia 
coli Lac- Z gene, w hich codes for f3-galactosidase ({3-gal), allows 
histochemical localization of clonally related groups of cells that are 
d e rived from an initially transduced cell, and such tran sduction has 
been successfully used fo r lineage studies in developing m ouse and 
chick e mbryos (Sanes el a/, 1986; Price, 1987; Cepko, 1989; Sanes, 
1989). Integration of virally transported DNA into the h ost cell 
genome occurs only if there is cell replicati.on soon after viral 
infection (Miller et al, 1990), and slowly cycling epithelial stem cells 
would be expected to be transduced relatively infrequently by such 
methods. [f they were so marked, however, the lineage and clonal 
distribution of their progeny could b e identified and related to units 
of epidermal structure. We have u sed this method to examine 
patterns of distribution of transduced cells in the epidermi s 
throughout a 12-wk period. 
MATElUALS AND METHODS 
The Viral Vector T he vector used (LZl) was a generous gift of Dr. J. 
Sanes (Washington University, St. Louis, MO). Its structure and use have 
been described in detail in previous publications; this viral construct has 
been shown to transduce and lead to stable Lac-Z expression in vadous 
types of cells, including epithelial cells, in mouse embryos (Sanes e/ n/, 1986; 
Sanes, 1989). It consists of a modified Moloney murine leukemia virus, 
which retains those parts of the genome necessary for viral transcription and 
integration; genes necessary for replication have been removed and replaced 
by the Lac-Z gene driven by the early region promoter of the SV 40 virus. 
T he plasmid encoding the modi.ficd retrovirus was transfected into 1/J-2 
"packagin g" cells, which carry elsewhere in their genome the replica tion 
genes missing from the viral construct (Mann e/ nl, 1983). These cells are 
therefo re able to package the modified virus and produce infective, but 
rep li cation-defective, virus that is secreted into the culture medium. Clones 
of 1/J-2 cells, selected for their higher rates of v iral production, were grown 
in D ulbecco's minimal Eagle's m edium (DMEM) with 10% fetal bovine 
serum. Supernatants containing infective virus were co llected from early 
confluent cultures 24-48 h after plating, and the vira l titer of the superna-
tants was assessed using the NIH 3T3 assay. Relatively low vira l titers were 
obtained (5 X 103 in fectio us particles per ml) , so supernatants used fo r i11 
11i11o injection were concentrated approximately 10-fold by overnight cen-
trifugation essentia lly according to Sanes cl a/ (1986). 
Demonstration of Cells Transduced with the Lac-Z Gene Cellular 
expression of the product of the Lac-Z gene, E. coli f3-gal, was demonstrated 
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by a standard histochemical method (Cepko, 1989; Sanes, 1989) involving 
fixation of the cells, epidermal sheets, or tissue sections in freshly prepared 
ice-cold buffered 4'Yo formalin fo llowed by incubation at 37"C in a buffered 
(pH 8.6) 1 mg per ml solution of X-gal (5-bromo-4-chloro-3-indolyl 
B-D -ga lactopyranoside) until the bright blue reaction product was clearly 
visible. Similar but untransd uced cells or tiss ues were processed under 
identical conditi.ons to provide controls for specificity of this method. 
I11 Vivo Transduction of Murine Epidermis C3H mice were lightly 
anesthetized. Using a fine needle (stainless stee l, 30 gauge), we in troduced 
0.05- 0.1 ml of concentrated virus-containing supernatant either between 
the cartilaginous plate and the epidermis of the ears of adult mice or as 
closely as possible beneath the epidermis of flank skin of neonatal mice. 
Polybrene (10 mg per ml) was added to the supernatant to enhance vira l 
transduction (Sanes et nl, 1986). Mice were killed 2 or 5 d after virus 
injection, and the skin was removed and either frozen for cryotomy to 
prepare sections for staining with f3-gal or immersed in 10 mM ethylenedia-
minetetraacetic acid (EDTA) (Harris et nl, 1980) to allow separation of the 
epidermis for sta ining as an intact sheet. 
I11 Vill'o Transduction of Murine Epidermal Cells Epidenn al cells 
were isolated either from adul t ear skin or from neonatal trunk skin ofC3H 
mice. T he epidermis was separated from the dermis by incubation in 3 mM 
EDTA at 3 7°C for 1.5 h, and the epidermal sheets were then dissociated into 
cell suspensions by bdeftrea tment with 0.5% trypsin at 37°C. An excess of 
serum-containing medium (DMEM, 10% fetal bovine serum) was added to 
neutralize the trypsin, and the cells were spun down and resuspended for 
plating and growth. Various media were investigated for the initia l growth 
of the cell isolates and included the highly supplemented medium [termed 
FAD and consisting of DMEM:Ham's F12 (3:1) supplemented with ade-
nine, insulin , hydrocortisone, cholera toxin, epidermal growth £1ctor, and 
fetal bovine serum (10%)] as developed for growth of human epidermis 
(Rheinwald and Green, 1975; Wu ct a/, 1982), a supplemented DMEM 
previously described for the growth of mouse keratinocytes (Mackenzie and 
Fusenig, 1983) , and the serum-free keratinocyte growth medium (Cionet-
ics, San Diego, CA). Cell s w ere initially plated on plastic dishes either with 
or without mitomycin-C-treated 3T3 feeder cells (R.heinwald and Green , 
1975). To augment the number of epidermal cells available for transduction, 
we attempted to passage the primary epidermal cultures into fresh wells, 
either with or without 3T3 feeders, and with a vadety of m'edia as described 
above. ln some experiments the passaged cells were co-cultivated with 
mitomycin-C-treated 1/J-2 cells, which served both as feeder cells and as a 
continuous source of virus (Garlick et nl, 1991) . T he degree of transd uction 
obtained with these various methods was assessed by staining the epithelial 
cells for f3-gal, either directly in the culture dish or after their remova l and 
preparation as cell smears. 
Transplantation of I11 Vitro Transduced Cells to I11 Vi11o Sites 
Primary cultures containin g transduced keratinocytes were bdeAy treated 
with EDTA to remove the feeder cells, if present, rinsed, and removed by 
incubation in trypsin/EDT A (GlliCO, Grand Island, NY). Cells were spun 
down after addition of serum-containing medium and resuspended, and 
aliquots were removed for cell counting and for the preparation of cell 
smears to evaluate the fraction of cell s transduced. T he remaining cell s were 
plated at relatively high density (1 X 106 cell s per well) into 12-well cluster 
plates and incubated overnight to form confluent cell sheets that were 
removed intact by treatment with Dispase II (Boehringer Mannheim, 
Ind ianapolis, IN) . For furtl1er growth and differentiation, these epithelial 
preparations were recombined, either with shee ts of dermis or w ith palatal 
connective tissue, and transplanted to graft sites prepared in the Aanks of 
histocompatible adult mice and protected by placement of a plastic dome 
that isolated them from contamination with host epidermis, as described 
previously in detail (Worst el t~l , 1982; Mackenzie and Hill , 1984). Pieces of 
murine dermis were prepared by splitting ears through the cartilaginous 
plate and removing the epidermis by incubation for 1.5 h in 3 mM EDTA. 
Palatal lamina propda was prepared by dissecting out w hole palates from 
adult mice and similarly removing the epithelium. The connective tissue 
pieces were placed on tissue culture dishes , basal lamina surface uppermost, 
draped with pieces of the epithelial sheets, and incubated for 2 h to allow 
epithelial attachment before transplantation. Transplanted specimens were 
recovered at intervals from 10 d to 12 wk after transplantation and either 
frozen for cryotomy or treated with EDTA to remove intact epidermal 
sheets for staining. For both neonatal and adult epidermis, four separate 
series of in 11itro transductions were performed to provide epithelial sheets 
for recombination . The 95 transplants that were successfully recovered and 
stained consisted of ear dennis recombined w ith neonate epidennis (22 
specimens) or adult epidermis (48 specimens), and of palatal connective 
tissue recombined with neonate epidermis (17 specimens) or adu lt epidermis 
(eight specimens). 
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RESULTS 
Iu Vivo Transduction of Epidermis Resulted in Few Marked 
Cells Small patches of nonspecific staining in the region where 
sebaceous glands join the hair follicle were present both in control 
and virus-injected specimens, but the interfollicular epidermis was 
unstained in the control specimens . The tissues recovered following 
intradermal injection of virus showed very little specific J3-gal 
staining indicative of successful cell transduction. Epidermal sheet 
preparations of specimens taken 2 d after injection showed weak 
but apparently specific staining for J3-gal in some small round cells 
located in the basal layer (Fig 1A). In specimens taken 5 d after 
iJ~ection, clusters of up to four weakly stained cells were occasion-
ally observed (Fig 1B), and sections of these specimens occasionally 
showed flattened suprabasal cells that were strongly stained (Fig 
1C). 
lu Viti'O Transduction Produced a Subpopulation of Marked 
Cells Preliminary experiments investigating the growth condi-
tions suitable for epithelial tramdu ction indi cated that primary 
cultures of both adult and neonatal keratinocytes plated well in 
each of the media tested and showed various degrees of growth. 
Without 3T3 feeder cells, the best growth was achieved in the 
KGM medium and, with feeder cells, in the FAD medium. None of 
the growth conditions, however, allowed successfu l low-density 
passage of keratinocytes for expansion of the primary cell popula-
tions. Passage of the primary cultures with replacing at high density 
in FAD medium. led to limited growth and allowed the develop-
ment of confluent stratified sheets of cells. The t/1-2 cells grew 
poorly in the FAD and KGM media and produced supernatants 
with very low viral titers. The highest viral titers were produced by 
growth in DMEM supplemented with 10'Yo FCS. 
Some degree of cell transduction was achieved with each of the 
various schedules tested, but the results were va1·iable. The fiaction 
of transd~ced cells appeared to correlate mainly with the degree of 
epithelial cell growth achieved, and the most consistent transduc-
tion of an adequate fraction of epithelial cells was achieved by 
plating cells in FAD medium with 3T3 feeder cells for 2 d, replacing 
the medium by viral- containing DMEM for 24 h , and then 
returning the celis to the FAD medium for further growth. Cell 
cultures stained 1-2 d after transduction showed pairs or small 
clusters of J3-gal stained cells, and after further growtl1 quite large 
colonies of stained cells were identified (Fig 1D). Cell smears 
stained for J3-gal typically showed transduction of 5-10% of the 
total cells (Fig 1E). Cells were also successfully transduced by 
co-culture with t/1-2 producer cells , but it was difrl cu.lt to remove 
the J3-gal-positive t/J-2 cells from suspensions of keratinocytes that 
Were subsequently prepared. 
Transplanted Epithelia Maintained Expression of J3-gal and 
Showed a Clonal Pattern of Organization Hematoxylin and 
eosin- stained sections of the transplanted specimens showed a 
similar appearance of the epithelium irrespective of whether adult 
or neonatal epidermis was combined with ear dermis or palatal 
connective tissue. Specimens taken early after transplantation 
showed reformation of a stratified and hyperplastic epithelium with 
little sign of ordered columnar structure (Fig 1F). A more normal 
epithelial structure was present from about 3 wk after transplanta-
tion and, although a slight degree of hyperplasia vru:iably persisted , 
redevelopment of columnar stacking of the suprabasal celis was 
apparent fi·om the alignment of the upper spinous and granu lar cells 
(Fig 1]). Strong staining for J3-gal of clusters of cells within the 
epithelium was observed in 16 of the 70 specimens of epidermis 
recombined with dermis and in seven of the 25 specimens of 
epidermis recombined with palatal connective tissue. (Fig 1G-N). 
The patterns of epithelial staining for J3-gal differed with time 
after transplantation and were related to the degree of epithelial 
hyperplasia present in the specimens. Hyperplastic specimens re-
covered early after transplantation showed inegular but often quite 
large clusters of positively stained cells at various levels within the 
epithelium (Fig 1G). Typically, there was a gradient of staining 
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intensity; the basal celis were weakly stained, and the more 
superficial flattened cells were intensely and uniform.ly stained. T lus 
pattern was also apparent in specin1ens stained as epithelial sheets, 
which showed groups of intensely stained, flattened suprabasal cells · 
overlying smaller, Jess intensely stained, basal cells and, in some 
areas, the presence of small groups of stained basal cells without 
staining of the overlying cells (Fig 1.H). 
With tl1e resolution of hyperplasia, the number and size of the 
stained cell clusters became smaller, and they acquired a more 
uniform appearance. Suprabasal staining began to be more re-
stricted to single units of the columnar structure in the stratum 
corneum beneath which basal and spinous cells showed weaker and 
irregular staining (Fig 11). Specimens taken 3- 12 wk post-trans-
plantation showed little hyperplasia (Fig 1]), ru1d staining was more 
clearly resu;cted to individual units of supra basal cells. The stratum 
corneum and the cells of the upper spinous strata were strongly 
stained, but basal cell staining was typically absent or weak (Fig 
1K,L). Examination of serial sections of the tissue on either side of 
these stained foci showed that they w ere isolated columnar units 
and that there was no stai11ing of the adjacent columns of cells. 
Redevelopment of a columnar pattern of epiderma l organization 
was also observed in specimens of transduced adult or neonatal 
epidermis recombined witl1 palatal connective tissue (Fig 1]). 
These specimens similarly showed discrete foci of cells stained for 
J3-gal, which, u1 earlier specimens, extended beyond tl1e boundaries 
of individual columnar units (Fig 11\1). The later specimens showed 
staining more clearly restricted to individual columns of cells in tl1e 
upper strata, with weaker but distinct staining of some of the 
underlying spinous ru1d basal cells (Fig 1N). 
DISCUSSION 
R etroviral transdu ction of avian and manunalian epithelial cells has 
been previously demonstrated both i11 11i11o and in 11itro (Sru1es et a/, 
1986; Cepko, 1989; Flowers eta /, 1990; Garlick ct al, 1991; Garlick 
and Taichman, 1993 ). Retroviral transduction of cells requires tl1.eir 
exposure to an adequate concentration of viral particles, and cell 
division must occur shortly after vu·al infection for the foreign DNA 
to become stably integrated into tl1e host cell genome (Miller eta/, 
1990; Miller, 1990). Our attempts to transduce the epidermis i11 '' i11o 
were essentially unsuccessfi.1l. As stem cells divide infrequently and 
dermally injected viral particles are separated from the epidermis by 
basement membrane, it is perhaps unlikely that permanent labeling 
of epidermal lineages can be aclueved in this way. A few supra basal 
cells , however, were strongly stained for J3-gal after i11 11i11o trru1S-
du ction , and it appem:s that some transduction of transient ampli-
fYing cells ca n occur. 
We achieved greater success with i11 11itro transduction, and 
several studies of human keratinocytes indicate that in 11itro trans-
duction of epidermal cultures is likely to produce labeled stem cells 
that can reform epithelial structure ill 11il10. For example, the 
patterns of clonogenicity of both normal and transduced human 
keratinocytes indica te that stem cell patterns persist i11 11itro ru1d, 
after i11 vitro amplification, human k eratinocytes are able to reform 
and maintain epitl1elial structure in vh,o, apparently indefinitely 
(Barrandon and Green, 1985; Compton et a/, 1989; Mathor et a/ 
1996). Other studies of human keratinocytes have shown tl1at a 
high efriciency of transduction can be achieved, that transduced 
cells are clonogenic, and that transduction does not detectably alter 
their growth potential (Garlick eta/, 1991). Foci of transduced cells, 
which have been described as "clonal proliferation units ," have 
been identified when raft cultures are constructed with trru1sduced 
om! keratiJ10cytes (Garlick and Taichman, 1993 ). 
Transduction Identifies Clonally Related Clusters of Cells 
within Murine Epidermis The stem cell pattern proposed for 
the. epidermis (Patten 1981) assumes that stem cells form only a 
fraction of the proliferative cells and are rhe only cells capable of 
u1definite self-renewal. Stem cell transduction would thus produce 
J3-gal staining of clusters of clonally related cells, a pattern distli1 ctly 
different fi·om the irregular scattering of stained cells that occurs 
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Figure 1. Patterns of distribution of /3-gal-transduced cells in 
n1urine epidermis. Sheets or sections of epidermis were stained for {3-gal 
to loca li ze cells expressing the lac-Z gene (except pn11els F n11d ] , which are 
stained with hematoxylin and eosin to show general epithelial structure) and 
were photographed usin g transmi tted or Normarski interference micros-
copy (A-C,E,G,K,L) for better demonstration of structure. (A-C) Neonatal 
epidermis after intradermal injection of viral supernatant. (A) Sheet prt:pa-
ration of a specimen 2 d after injection and focused on the plane of the basal 
layer. The ~ poin ts to a pair of ce lls staining weakly for and the ~ to a 
single cell with somewhat stronger staining. (B) A similar prepara tion 5 d 
after injection showing a larger cluster of three or four weakly stained cells. 
(C) A section of epidermis 5 d after injection showing in the stratum 
granulosum region a single flattened ce ll strongly stained for {3-ga.l. (D) 
Confluent cuJ ture of tr:msduced epi thelia l cells showing a large cluster of 
contiguous ce lls staining for {3-gal. (E) A cell smear prepared from a 
transduced epithelial culture showing 5- 10% of the cells stained for {3-gal, 
the typical appearance of successfully transduced cuJtures. (F) Section of a 
transplanted specimen of epidermis recombined with ear dermis and 
harvested 1 0 d after transp lantation. T he epithclium is stratified but 
hyperplastic with little sign of redevelopment of the ordered structure 
typical of normal epidermis. (G) A specim en similar to (F) shows an 
irregular distribution of clusters of cells sta ining for /3-gal at various levels 
within the hyperplastic epidermis. ~ indicate the region of the epithelial-
connective tissue iuterfitce. In this and n1 ost other spec in1 ens the strongest 
staining was present in ce lls of the upper epithelia l strata. (H) Sheet 
preparation of a specimen simiJar to (G) showing a large patch of transduced 
epi thelial cells with strong staining of polygonal cells in the suprabasal strata. 
Weaker sta in.ing of some of the underlying smaller basa l ce lls is present and 
in some areas(~) there are patches of stained basal ce lls without staining of 
suprabasal cell s. T his pattern corresponds to the staining in (G). (T) A less 
hyperplastic specimen that has developed a more regu lar structure and 
shows a pattern of staining that appears to be becoming related to epidermal 
units . ~ mark the epi thelial- connective tissue interface. Cells in the 
stratu m corneum are strongly stained, but cel.l s in the lower strata are stained 
inconsistently. U) Specimen of nconatal epidermis recombined with palata l 
connective tissue 3 wk. after transplantation . A we ll formed but slightly 
hyperplastic epiderm is is seen with redevelopment of an ordered columnar 
structure as indicated by aLignment of the upper spinous and gran ular cells 
(~). (K,L) T ransduced epidermis recombined with car dermis and bar-
vested 8 wk after transplantation. ~ mark the posiLion of the ·epi thelial-
connective tissue interf.1ce. Strong staining fo r {3-ga l is restricted to the 
suprabasa l cells of single epidermal units. There is very little staining of the 
basal cells beneath these uni ts. (M) A specimen of neonatal epidermis 
recombined with palata l connective tissue at an early stage of resolution of 
hyperplasia. Strong sta ining of stratum corneum ccl.l s is mainly limi ted to the 
stacked cells of a single un.it of structure . Tl1c arrangement of staincd cells 
in the underlying strata is less p.rcc ise: a sta ined granular cell and weakly 
stained basal cells lie outside the confines of the uni t. (N) A specimen similar 
to (M) shows staining for {3-gal that is restricted to two independent 
colutnnar units. Exatninatio n of serial sectio ns adjacent to the sta ined units 
shown in (K,L,M,N) showed each of these uni ts to be isolated from other 
regions of epithelial staining and not to be contiguous with larger clusters of 
cell sta ining such as shown in (H). 
with a random pattern of cell prolife ration. Criteria for assessing the 
clonality of groups of m arked cells have b een previously establish ed 
(Cepko, 1989), and it has b een noted that the probability of 
aggregation of individual clones u1to larger cell clu ster s is small 
when the marker phenotype occurs with a less than 5'!1,, frequency 
(Ponder, 1986). Therefore, the patte rn of labeling present in the 
reformed epiderm.is 3 wk or more after transplanta tion conformed 
well with criteria for clonal cell clusters: the transduced cells 
formed only a sm all proportion of the cells presen t, and the fo ci of 
contiguous stained cells were of uniform size and widely separated . 
Clonal Clusters Correspond to Columnar Units of Structure 
Once the hyperplastic phase had resolved , it was apparent that 
labeled cell clusters corresponded to units of columnar structure. 
There was som e irregularity of the vertical stackin g of stain ed celh, 
perhaps du e to residual epithelial hyperplasia or to disturban ce of 
structure during sectioning, but they typically lay within the 
boundaries of a single unit. T hus each cell column represented an 
u1dependent cell lineage derived fro1~1 a sing le progenitor cell. 
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Marker Expression Increased with Cell Maturation T h e 
labeled clusters of epidermal cells showed strong and uniform 
staining of the superficial strata, but there was typically weak or 
unde tectable {3- gal sta inu1g u1 the basal and early differentiating . 
cells. A similar gradient of weak basal to stronger superfi.cial 
expression of {3- gal occurs in transduced epithelia grown as raft 
cultures (Garlick and Taich.man, 1993). T lils sort of appearance 
could b e produced b y differentiation or loss of e.11.-pression of th e 
transduced gene by th e founder cell of a lab eled cell cluster. It 
would occur, however , only while the last of the labeled progeny 
differentiated, and such a transient event would not explain the 
presence of this pattern in most columnar units. As the products of 
tran sduced reporter genes accumulate or are m ore strongly ex-
pressed as epithe lial cells difFere ntiate (Feqjives et a /, 1990; Garlick 
d al , 1991), low levels of transduced gen e expression in immature 
cells appear to be a typical feature of the vector systems u sed for 
these studies, and histoch emical staining m ay fail to de tect low 
levels of {3-gal expression (Nolan et a/, 1988) . 
Marker ExpressiorJ, Persisted in the Transplanted Epithelia 
The number of transplants in each experimental group was too 
small to allow detailed ana lysis of how the number of transduced 
cells ch an ged with time after transplantation . The proportion of 
sp ecimen s containing some transduced cells, however , did not 
appear to change g rea tly with time, and the degree of epithe lial 
labeling was influenced m ainly by the fraction of cells that was 
initially transduced. The m ain change noted was that large clusters 
of labeled cells initially present in the hyp erplastic regenerating 
epithelium were lost as h yperplasia resolved and that fewer and 
smalle r labe led cell clusters were present in specimens collected 3 
or more weeks after transplantation. Tlus pattern o f reduction in 
the proportion of {3- gal staitiing cells could h ave resulted e ither 
from cells losing e;>..-pressio n of the transduced gen e or fi·om loss of 
th e transduced cells them selves . 
It appears like ly that the reduction in size of the labeled cell 
clusters following transplantation resulted fi·om entry of a la rge 
fi·action of the transduced cells into the differen tiation pathway. As 
stem cells cycle more slowly than amplifying cells even i11 11itrd 
(S tai ano-Coico eta/ , 1986, Bata- Csorgo ct. a /, 1995), th ey w ill form 
a disproportiona tely small fraction of the i11 vitro transdu ced cell 
population. The large clusters oflabeled cells ini tially present in the 
regenerating epithe lia are the refore likely to have formed b y 
division of transduced transient amplifying cells. T hese m ay un-
d ergo extended ai11plification as a result of regene rative stimuli , but 
eventually they will differen tiate and b e lost from the tissue, leavin g 
only the few transduced stem cells to establish permanent lineages. 
Two observations offer some support for such a p attern . First, the 
major loss oflabeled cells with reduction in the number of irregular 
cell clusters occm:red duru1 g the first 2-3 wk after transplantation. 
After this phase , {3-gal staining cells formed small clusters con·e-
sponding to cell colunms, and these seem ed to r emain at a sm all but 
steady nurnber for the rest of the experu11ental period. Second, it 
was noted that {3-gal-stained b asa l cells without overlying labeled 
progeny were present durin g the early phase of regeneration (Fig 
1 G,H) , and these cell s p e rhaps represented transduced stem cells 
that had not yet entered tl1e pro life rative phase to form p ermaneqt 
cell lineages. 
Some loss of {3-ga l expression by som e transduced cell s cannot b e 
excluded as a reason for a reduction in the proportio n of cells 
stained at the later time periods. Expression of foreigti genes in 
murine tissues, including epithe lia, can persist for 3 mo or m o re 
(Stuhlmann ef al, 1984; Dick et a /, 1985; Eglitis ef a /, 1985; 
Lemischka ef a/, 1986; Bender e/ a/, 1989), but loss of e.11.-press ion of 
trm1sduced gen es rem ain s an impo rta nt and m1resolved problem for 
therapeutic protocols (Fenjives ef a /, 1996). A lthough this type of 
loss could reduce the amount of labeled tissu e for examin ation, it 
would not prevent d emonstration that epith e lia l units are clonal; 
this requires only that at least some of the transduced stem cells 
maintain expression of the m arker gen e. T he clonal clusters of 
labe led cells present at the end of the observation period indicated 
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th at som e cells had, in fact, m ain ta in ed expressio n for 12 wk. As the 
stem cell cycl e in murine epidermis has been es timated to be about 
7 .5 d (Potten, 1983 ), th ese marked clones appeared to have 
m ain ta in ed stable cell lin eages for m o re than 10 stem cell cycles . 
Epidermal Stem Cell P atterns Are Reforme d without Re-
gionally Specific Connective Tissue Influences It remain s 
uncertai11 how stem cell p roperties are acquired and how the 
number and spa cing of stem cells within an epithe lium are deter-
min ed . T he concept that each hemopo ie tic stem cell occupies a 
physio logic " nk he" (Lord, 1983) has been extended to epithelial 
tissues (Po tten, 1983; H all and Watt 1989), but the n ature of the 
stem cell " niche" remains obscure. T he ini tial development of th e 
columnar p attern of organization in neonatal mouse epidermis 
requires indu ctive interactions with derm al connective tissue 
(Worst et al , 1982), but adult murin e ep idermis is able to refo rm a 
colunmar pattern of organization when recombined with connec-
ti ve tissues fro m o ther regions, such as the oral cavity, th at do not 
have tlli s p attern (Hill and Mackenzie , 1984). Influ ences from 
sub-epithelial connective ti ssues appear necessary for an epithelium 
to express its developmentally acquired characteristics (Macken zie, 
1995) , but th e abili ty o f the epidermis to re-es tabiish units of cio n a I 
struc ture on a fo reign connective ti ssue indicates independen ce o f 
the epidermal stem cell pattern fro m region-specific m esenchym a] 
influences . T he factors controiling the sp acing, position, and pro-
Efera ti~e pattern of epidermal stem cells (i .e ., the stem cell niche) 
the re fo re appear to be intrinsic to the epithelium itself. 
M.aintenance of epithelial structure depends on cell prolife ration 
balanced by commitment of new ly form ed cells into pathways o f 
differen tiation . T he stem cell patterns that underli e the control of 
no rm al and altered hom eostasis are of importance to reactive 
phys iologic processes, such as wound healing, and a wide range o f 
pathologic responses, includin g neoplas ia (Mackenzie and B icken-
bach, 1982; Potten , 1983; Morris et a/, 1986 , 1988; Cotsarelis el a/, 
1990) . D ifferences between stem and amplifying cell s in their 
ex pression of cell surface m olecul es have allow ed attempts to 
isolate stem ceU popu lations fo r further study (Mackenzie el al , 
1989; J o nes and Watt 1993; J on es el a/, 1995) . T he confid ence tl1at 
can be assigned to the resu lts of such procedures, ho wever, depends 
on good information about the number of fun ctional stem ce l.l s 
present witbi.n the normal tissue . For mouse skin, th e size of the 
cl o nal uni ts confi rms the assumption that stem cell s form 10 - 12'Yo 
of the basal ce l.l s (Po tten , 1981; M ackenzie et a/, 1989) , but such 
stem cell units m ay n o t be typical of other ep ithelia . Human 
epide rnlis has a p attern o f columnar organi zation similar to that o f 
the m o use (Mackenz ie et a/, 198 1), but staining for integrins that 
m ay be differentially expressed on stem cells produces brigh t 
patches o f stained cell s that are larger than the supra basal colwnnar 
units Oo nes ;md W att, 1993). In murine lingual and palata l mu cosa, 
and also in primate p lantar and palmar skin , th e position o f stem 
cells appears to be related to tl<e rete pattern rather than to 
suprabasal structure (Ma ckenzie and Bicken bach , 1985; H um e, 
1983 ; Lavker and Sun , 1982 , 1983). It appears li kely that extension 
of the type of studies desct·ibed here to other murine epithelia and 
to human epide rmis, either in 11ilro or after graftin g to immune 
deficien t mice, w ill permit clarifi catio n of these issues and possibly 
also allow in vestigatio n of altered stem cell behav ior in nonhomeo-
static states and during carcinogenesis. 
I 0 111 deeply grntiful to G illimt Rillll ltllt fort he illlmlunule help she hns pro11ided 111ith 
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